A population-based model was developed to simulate the evolution of glyphosate resistance 31 in populations of Amaranthus palmeri. Model parameters were derived from published and 32 unpublished sources and the model was implemented using previously established principles 33 and methods. Sensitivity analyses indicated that the model was sensitive to variations in 34 population size, mutation rate and seed bank dynamics. A distribution was assigned to these 35 parameters and Monte Carlo type simulations were performed. Simulation results are 36 therefore derived from a range of possible input parameters, enabling the risk of resistance 37 evolution to be assessed when parameter values were unknown, uncertain or variable. In the 38 'worst-case' of five annual glyphosate applications in continuous glyphosate resistant cotton, 39 evolution of glyphosate resistance was predicted in 39% of populations after five years and in 40 approximately 60% of populations after 10 years. These results are consistent with 41 observations of the timescale for evolution of glyphosate resistance in A. palmeri in the field. 42
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The main drivers for glyphosate resistance evolution were selection pressure and population 43 size, the greatest risks being associated with the largest A. palmeri populations. Risks of 44 resistance were reduced when one of the five glyphosate applications was replaced by 45 Introductioninheritance of the resistance trait, and of cropping system parameters that influence the 122 evolution of herbicide resistance (Jasieniuk et al., 1996; Diggle and Neve, 2001) . Where data 123 are available, simulation studies can provide insight into the species, herbicide and cropping 124 systems characteristics that predispose towards evolution of resistance. They can provide an 125 excellent comparison of resistance management strategies. They can also highlight important 126 areas where data and knowledge are missing, and in this way, direct efforts towards future 127 research priorities. In this paper, we describe the development and application of a model for 128 simulating evolution and management of glyphosate resistance in A. palmeri growing in 129 cotton-based agroecosystems in the southern United States. In particular, we assess risks of 130 glyphosate resistance evolution under current 'worst-case' scenarios and explore 131 management principles for mitigating these risks. Initial Seed Bank Population. The initial A. palmeri population size is the product of the 167 initial seed bank density (seeds m -2 ) and the field size (m 2 ). Seed bank densities will likely 168 vary quite widely, depending on local conditions and management practices. The default 169 value used in our analyses is 500 seeds m -2 and is based on local expert opinion The default 170 field size is 60 ha (600,000 m 2 ), representing a typical field in cotton production in Arkansas. 171
Default parameter values are summarized in Table 1 Seedling Survival. Following recruitment, the probability of a seedling surviving to become a 207 mature reproductive plant depends on (i) the efficacy of herbicide and other weed control 208 practices and (ii) the probability of natural mortality. Herbicide efficacy depends on time of 209 application, mode of action, seedling size, and glyphosate-resistance genotype. Full 210 susceptibility to all herbicides other than glyphosate was assumed. Herbicide efficacy does 211 not vary among years. It is possible to specify control efficacies for a potentially unlimited 212 number of herbicides, and details of herbicide control efficacies are provided for all 213 simulations presented. Natural mortality is independent of weed management and plant 214 density and is assumed to increase from 5% mortality of cohort 1 plants to 50% mortality of 215 cohort 6 plants ( Jha et al., 2008) (Table 1) . 216
When the number of herbicide-resistant individuals within the population is small, it 217 is possible to predict the recruitment and/or survival of fractional plants. For example, if a 218 total of 10 RS plants emerge and there is 95% herbicidal control, the model will predict that 219 0.5 of these RS plants will survive. This of course is not what happens in practice, where in 220 reality there is a 50% chance that the single resistant plant survives. If this one-half of a plant8 is entered into the competition sub-model it will produce thousands of seeds (an individual 222 female A. palmeri plant can produce in excess of 600,000 seeds), and the number of R alleles 223 in the population will have increased substantially. To overcome this, when the model 224 predicts the survival of less than 10 plants of any genotype, an integer is drawn from a 225 poisson distribution with a mean equal to the number of predicted surviving plants. Without 226 this demographic stochasticity, the model may considerably over-estimate risks and rates of 227 resistance evolution. 228 229 were g = 421,000 and B = 582,300. 240
A number of modifications were made to the competition model to account for (i) the 241 less competitive nature of a cotton compared to a corn crop, (ii) the different emergence times 242 of various A. palmeri cohorts and (iii) the sub-lethal effects of glyphosate applications on 243 surviving RS and RR plants. 244 It is assumed that a cotton crop is 20% less competitive than a corn crop. To account 245 for this, when a cotton crop was simulated A. palmeri seed set potential is increased by 246 increasing values of g and B by 20% (i above). A. palmeri cohorts 1 and 2 emerge before the 247 crop and with the crop, respectively, and are assumed to achieve the seed production 248 described by the competition model (Eqn. 2). The seed production potential of later emerging 249 cohorts is lessened due to increased crop and weed competition. population density has been modified to account for relative recruitment dates and sub-lethal 266 glyphosate effects, total seed production is calculated according to Eqn. 2. We assume that 267 10% of freshly-produced seeds will be non-viable (Jason Norsworthy, unpublished data). at the relevant field rate for A. palmeri control in cotton, it is assumed to have 99.9, 20, and 336 5% efficacy against SS, RS, and RR genotypes, respectively. In the model, these control 337 percentages may vary according to the timing and method of glyphosate application. 338
We assume that glyphosate resistance does not confer cross-resistance to any other 339 herbicide modes of action, and that all three glyphosate-resistance genotypes will be equally 340 controlled by other herbicides used in this model. The model does not consider the potential 341 for evolution of resistance to other herbicides as a result of repeated use, though pre-existing 342 resistance to other modes of action can be assumed by altering control efficacies. 343 344
Model development III: Crop and weed management 345
For each simulation year, the crop grown and a weed management program are specified. 346
Each management practice (e.g. crop planting, herbicide application) is carried out on 347 specific dates to reflect best practice in Arkansas cotton-based systems (Table 2) third post-emergence application, and cohort 5 between the third post-emergence and finalcohort 7 plants will not set seed as they will not reach maturity prior to harvest. The relative 356 contribution of each of these cohorts to total annual recruitment is shown in Table 3.  357   358   Table 2 near here  359   Table 3 near here  360 361
Model simulations 362
An initial series of 1000 model runs were completed to determine predicted risks of 363 glyphosate resistance evolution under a 'worst-case scenario' of five annual glyphosate 364 applications in continuous cotton cultivation. The timing and efficacy of these applications 365 are in Table 4 . For this initial analysis all parameters were fixed at default values (Table 1) . 366
Following this, a sensitivity analysis was performed on five key parameters that were judged 367 to be associated with high levels on uncertainty due to difficulty in their estimation or likely 368 season-to-season or demographic stochasticity. These parameters were the initial seed bank 369 density, the initial frequency of the R allele, the annual emergence fraction, the annual 370 proportion of seed bank mortality and the daily exponential decline in plant size for plants 371 emerging after the crop. Each of these parameters was varied systematically while all other 372 parameters were maintained at default values. The parameter ranges for sensitivity analyses 373 reflected the likely range of parameter uncertainty. These likely ranges were up 1000-fold 374 variation for initial frequency of the R allele and much less for other parameters (see Tables  375   1) . One thousand model runs were completed for each analysis. 376
In the following simulations, based on the results of sensitivity analyses, the mean 377 values for these five parameters were maintained, but a distribution of values around this 378 mean was specified. For initial seed density, a random number generator was used to select 379 from 11 densities (100, 200, 300, 400, 500, 750, 1000, 1250, 1500, 1750 and 2000 seeds m -2 ) 380 so that the probability of each of these densities was 5, 10, 10, 10, 25, 10, 10, 5, 5, 5 and 5%, 381 respectively. The initial frequency of R alleles and mutation rate were log-normally 382 proportion and less so to variations in seed bank mortality and the daily reduction in final 426 plant size for later emerging cohorts (Figure 3 ). There can be no 'correct' value for initial 427 seed density as this will vary from field to field. These results clearly demonstrate that risks 428 of resistance evolution are greater in larger populations. The initial frequency of R alleles is 429 the most difficult parameter to estimate and the model is highly sensitive to this parameter 430 over a narrow range of realistic values. As for initial population size, this parameter is likely 431 to vary between populations. Sensitivity to annual recruitment proportion over the range 0.01 432 to 0.1 reflects the importance of this parameter for determining the likelihood that resistant 433 phenotypes will germinate, survive and produce new seed versus the likelihood that they will 434 lose viability in the soil seed bank prior to germination. Where the recruitment proportion is 435 higher, survival and production of new seed becomes more likely resulting in increases in the 436 probability of resistance evolution. Although the model is sensitive to varying degrees to all 437 the parameters included in this analysis, we take the view that there is no correct value for 438 any of these parameters and that they will vary from population-to-population and from 439 season-to-season. Hence, for remaining analyses, values for these five parameters and for the 440 mutation rate have been allowed to vary stochastically according to specified distributions 441 (see Methods). 442 To maintain A. palmeri control and reduce selection for glyphosate resistance it is necessary 471 to replace glyphosate applications with alternative herbicides with identical efficacy. 472
However, when this is done, predicted reductions in both the rate and risk of resistance 473 evolution vary according to which of the five glyphosate applications is substituted (Figure  474 6). Replacing the burndown glyphosate application has no impact on predicted glyphosate 475 resistance evolution. An alternative first post-emergence application delays the evolution of 476 resistance by a year, but does little to reduce predicted risks of resistance over the longer 477 term. The greatest impacts are observed when the second or third post-emergence glyphosate 478 applications are substituted. In particular, substitution of the third post-emergence application 479 delays predicted evolution of resistance by two years and reduces the proportion of resistant 480
A. palmeri populations at year 10 from 59% to 34%. These results are a clear demonstration 481
that not all glyphosate applications exert the same selection pressure for resistance evolution 482 and this insight is valuable for the design of potential management strategies for mitigating 483 resistance risks in glyphosate-resistant cotton. 484
Replacement of glyphosate applied at the time of crop sowing with an alternative non-485 residual herbicide was ineffective for reducing resistance risks. However, when this 486 glyphosate application was replaced with a residual herbicide that provided some control of 487
A. palmeri cohorts one through four, predicted resistance risks were substantially reduced There are two key considerations here: if populations are small at the time that glyphosate-527 resistant technologies are adopted then risks can be minimised; also, if weed management 528 efficacy is low, causing the population size to increase, risks of glyphosate resistance are 529 exacerbated, even where selection pressure is reduced. Put simply, evolution of resistance is a 530 numbers game -the larger the population, the more likely that resistant mutants will pre-exist 531 or will arise by spontaneous mutation. These results are contrary to previous suggestions that 532 risks of resistance evolution are lower when herbicide efficacy is low (Jasieniuk & Maxwell, 533 1994; Diggle & Neve, 2001). However, these conclusions arose from models with an infinite 534 population size, meaning that the relationship between population size and mutation rate was 535
obscured. 536
The model is most sensitive to the initial frequency of R alleles and to the mutation 537 rate and these are the most difficult parameters to estimate empirically. Population 538 demography is also important and here the interplay of seed bank processes that result in the 539 proliferation of genotypes (germination and recruitment) versus those processes that remove 540 genotypes from the population (seed mortality and/or predation) is key. Where annual 541 recruitment is high, the probability that initially rare glyphosate-resistant genotypes will 542 survive and proliferate is increased. Conversely, when the rate of seed loss from the seed 543 bank increases, it becomes more likely that rare mutant types will be lost from the population 544 by random genetic drift. 545
The model is highly sensitive to input parameter values. However, for all parameters 546 included in sensitivity analyses, variation from year-to-year and from population-to-547 population is a reality. Initial population sizes clearly vary from field-to-field. Spontaneous 548 mutation is a stochastic process and demographic parameters such as annual recruitment rate 549 and seed mortality are clearly influenced by variable climatic and other environmental 550 variables. Without demographic stochasticity the population trajectory is fixed and if 551 resistance does not evolve within a certain period then initial R alleles go extinct and the 552 population size becomes small enough that de novo generation of R alleles by spontaneous 553 mutations becomes highly unlikely. To reflect this we adopted a Monte Carlo type approach 554 to simulations, so that for any scenario, population dynamics and resistance evolution were 555 The utility of the developed model, both for understanding evolution and management 596 of glyphosate resistance in A. palmeri and for demonstrating wider principles of resistance 597 management has been demonstrated. Amaranthus palmeri presents a particularly severe risk 598 of glyphosate resistance evolution for a number of reasons, including its preference for no-599 tillage cropping systems and its season-long germination. However, the species prolific seed 600 production capacity poses the greatest threat, meaning that survival and reproduction by a 601 single resistant plant contributes potentially hundreds of thousands of seeds to the seed bank. 602
Given this, there is an urgent need to design and evaluate new resistance management 603 strategies in glyphosate-resistant cotton that will deliver cost-effective, yet sustainable control 604 of A. palmeri whilst maintaining other benefits associated with glyphosate-resistant crop 605 technology. The principles on which these strategies can be founded have been demonstrated 606 here and future studies are planned that will evaluate how these principles can be put into 607 practice in novel weed management strategies. 
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